During the long Sahelian dry season, mosquito vectors of malaria are expected to perish when no larval sites are available; yet, days after the first rains, mosquitoes reappear in large numbers. How these vectors persist over the 3-6 month-long dry season has not been resolved, despite extensive research for over a century [1] [2] [3] . Hypotheses for vector persistence include dry-season diapause (aestivation) and long-distance migration (LDM); both are facets of vector biology that have been highly controversial due to lack of concrete evidence. Here we show that certain species persist by a form of aestivation, while others engage in LDM. Based on time-series analyses, the seasonal cycles of Anopheles coluzzii, Anopheles gambiae s.s., and Anopheles arabiensis were estimated, and their effects were found to be significant, stable, and highly species-specific. Contrary to all expectations, the most complex dynamics occurred during the dry season, when the density of A. coluzzii fluctuated dramatically, peaking when migration would seem highly unlikely, while A. gambiae s.s. was undetected. The population growth of A. coluzzii followed the first rains closely, consistent with aestivation, whereas the growth phase of both A. gambiae s.s. and A. arabiensis lagged by two months. Such a delay is incompatible with local persistence, but fits LDM. Surviving the long dry season in situ allows A. coluzzii to predominate and become the primary force of malaria transmission. Our results reveal profound ecological divergence between A. coluzzii and A. gambiae s.s., whose standing as distinct species have been challenged, and suggest that climate is one of the selective pressures that led to their speciation. Incorporating vector dormancy and LDM is key to predicting changes in the range of malaria due to global climate change 4 and to the elimination of malaria from Africa.
Over half a million malarial deaths still occur annually, mostly in sub-Saharan Africa 5 . Transmitted by Anopheles gambiae s.s., A. coluzzii (previously known as the A. gambiae S and M molecular forms 6 ), A. arabiensis, and A. funestus, malaria is widespread, including dry savannahs and semi-arid areas. Persistence of malaria in areas where the surface waters required for larval development are absent for several months a year 2, [7] [8] [9] [10] [11] [12] has been the subject of much interest, as it has long been recognized that, during the dry season, reproductively quiescent adult mosquitoes are especially vulnerable to control 13, 14 . Recent findings suggested that aestivation is used by A. coluzzii to persist throughout the dry season [14] [15] [16] [17] [18] ; yet, more definitive evidence is required to fully resolve this question.
Data from a five-year study of Sahelian A. coluzzii, A. gambiae s.s., and A. arabiensis population densities at an unparalleled resolution were subjected to time-series analyses to isolate the seasonal components, assess their magnitude, and determine if they were stable or time-varying (Methods). This statistical framework allowed identification of salient elements of the seasonal cycle of each species, providing unique ecological signatures, which were then deciphered to determine if populations endured the dry season locally or if populations recolonized the area by migration. ; Table ED-2) , providing a descriptive framework and expectations, to aid the interpretation of the statistical results. Briefly, the population growth phase (June-August) started ~3 weeks after the first rain, resulting in the wet-season peak (September-October). Density declined as larval sites dried (November), reaching its dry-season minima in February-March. Surprisingly, density started rising halfway into the dry season (March) and culminated in a dramatic dry-season peak lasting <7 days, returning to the typical low density weeks later (April-May), and ending with the first rain surge, 3-7 days after the first rains ( Fig. ED-3 ; Table ED-2) .
Time-series analysis of the log-transformed density ( Fig. ED-2 ), using an unobserved components model (Methods), was fitted for A. gambiae s.l. (Table 1 ). The model selected had a fixed level (equivalent to intercept) and no slope (trend), reflecting a stable mosquito density over the study. An additional non-seasonal cycle with a long period was also included (Methods and Supplementary Information). The variance of the seasonal component was insignificant, indicating it was not time-varying; thus, it was modeled as a fixed component, simplifying its interpretation. The seasonal component of A. gambiae s.l. population dynamics was highly significant (P<0.0001, Table 1 ). The estimated seasonal variation ( Fig. 2A) revealed a large gap between the 95% CIs of the wet-season peak and that of the mid-dry-season low; thus, these elements and the decline between them are statistically well-supported. Likewise, large gaps were found between the 95% CIs of the mid-dry-season low and the late-dry-season peak, between this peak, the end-dry-season low, and the following wet-season peak, indicating that these elements (and the transitional phases connecting them) were statistically supported. Other putative elements (Table ED-2) had insufficient statistical support.
The putative elements of each species' seasonal cycle were identified (Table ED-2) . The seasonal component of all species was fixed (its variance was insignificant) and was highly significant (P<0.0001, Table 1 ). The time-series model selected for A. coluzzii was structurally similar to that of A. gambiae s.l. (Table 1 ). Based on their 95% CIs, one wetseason peak and two dry-season peaks, which were observed in all years ( Fig. 1) , were statistically supported (Fig. 2B) . The early wet-season decline of A. coluzzii produced the pre-dry-season trough in mid-November, before the last larval site dried, which was followed by an early dry-season peak in late December (Fig. 2B) . Subsequently, its seasonal component was virtually identical to that of A. gambiae s.l. (Fig. 2) , consistent with its predominance in species composition (Fig. ED-1C) . The model for A. gambiae s.s. included two non-seasonal cycles as well as an autoregressive (lag 1) error (Table 1) . Only a single wet-season peak and a long dry-season trough were statistically discerned in A. gambiae s.s. (Fig. 2C) . The model for A. arabiensis was structurally similar to that of A. coluzzii (Table  1) . A single wet-season peak and the long dry-season trough were supported (Fig. 2D) , whereas changes during the dry season were not distinguished from noise.
The species-specific signatures manifested by their population dynamics provide compelling evidence that A. coluzzii persists locally in the Sahel during the dry season, whereas A. gambiae s.s. recolonizes via LDM after the first rains; the evidence is less clear for A. arabiensis. Firstly, A. coluzzii was present throughout the dry season (albeit in small numbers), whereas A. gambiae s.s. was undetected from January to May (Figs. 2 and ED-4), consistent with previous studies 9, 14, [19] [20] [21] [22] . Secondly, the density of A. coluzzii rose dramatically (ten-to ninety-fold from their preceding phase) twice during the dry season (Fig. 2 ). Since these peaks preceded the first rain by at least six weeks, any potential migrant mosquitoes would likely perish before reproductive opportunities were available, given the absence of surface waters in the area (ruling out dry-season reproduction). Thirdly, the most crucial evidence relates to the period when population growth starts with respect to the first rain. The onset of population growth can be defined as the first time when the lower 95% CI of the seasonal component is greater than the upper 95% CI during the preceding dry season's low phase (red arrows, Fig. 2 ). This phase started in June for A. coluzzii but in August for A. gambiae s.s. and A. arabiensis (Fig. 2) . A delay of six to eight weeks in the onset of population growth for the latter two species corroborated our previous results in two other Sahelian villages, 10-25 km away from Thierola 14 . Commencing population growth shortly after the first rain fits well with local persistence (e.g., aestivation), but a two-month "delay" in that phase cannot be reconciled with it, especially contrasted with its rapid onset in A. coluzzii. Arrival of migrants from distant locations, on the other hand, may take several weeks, consistent with this "delay." The earlier (August vs. October) and higher wet-season peak of A. coluzzii is explained by the two-month "advantage" it had in building its density (Figs. 2 and ED-4). The prompt population growth of A. coluzzii is consistent with previous studies showing that its density surged over tenfold, five days after the first rain 14, 16 (egg-toadult developmental time is ≥8 days) and with the recapture of one marked female that was released seven months earlier in the same village 16 . Fourthly, density of A. coluzzii was declining by October, at least 4 weeks before the last larval sites dried up, reaching its predry-season trough in November whereas A. arabiensis and A. gambiae s.s. continued to reproduce (Figs. 1-2 and ED-4). This early decline in A. coluzzii is consistent with another hallmark of diapause, the initiation phase [23] [24] [25] , in which insects change their behavior and physiology and move into shelters before unfavorable conditions unfold.
During the dry season, no surface waters were available near Thierola for at least a 30 km radius, and in the distant localities where surface waters did exist, overall density was very low and A. gambiae s.s. was not detected until the wet season 14, 16 . The nearest high-density source is in the Niono rice cultivation area (~150 km ENE of Thierola), but it consists exclusively of A. coluzzii 26 . Therefore, LDM spanning hundreds of kilometers is necessary to explain the re-colonization of A. gambiae s.s. Alternative explanations, including desiccation-tolerant dormant eggs, larvae, or pupae, as well as larval growth in deep, underground water sources, should not be altogether dismissed, despite being contradictive to available knowledge. These results provide fresh insights that dramatically change our understanding of the ecology of African malaria vectors and resolve the "dry-season paradox." Ignoring the pervasive effects of dormancy and LDM limits our understanding of malaria transmission and its response to control and elimination strategies. Dormancy shapes vector composition in the Sahel, where A. coluzzii comprised 75% of the overall indoor vector density with its wet-season peak being at least twice as high and broad than that of either A. gambiae s.s. or A. arabiensis (Fig. 1, Supplementary Information, and references 14, 16 ). Arguably, dormancy underlies the heavy burden of malaria transmission in such areas by exponential amplification of human-vector cycles that lead to intense late-wet-season transmission. Although A. gambiae s.s. and A. arabiensis predominate during the end of the wet season (October-November), we doubt that they alone can sustain the high rate of malaria transmission had A. coluzzii not amplified infections from June to September. Therefore, vector-control strategies that eliminate A. coluzzii alone may cut peak malaria transmission to very low levels. Targeting A. coluzzii while in its hidden shelters during the dry season is probably the most efficient control strategy, if these sites are found, but the indoor population during the early wet season and the late-dry-season peaks also represent promising targets. Thus, a single residual spraying indoors in the late dry-season (e.g., March) that is effective for 4 months may achieve dramatic reduction in malaria transmission in the following wet season 14 . Moreover, the spread of introduced genes by genetically modified mosquitoes may be hindered or aided by dormancy and LDM, as would other forms of malaria control and elimination campaigns.
Divergent strategies of persistence through the dry season were revealed by species-specific seasonal dynamics: local persistence of A. coluzzii, as opposed to annual recolonization by LDM for A. gambiae s.s. and A. arabiensis. They signify a multitude of behavioral, physiological, and molecular divergence processes and thus probably represent the most striking phenotypic differences between the species found so far 28, 29 , lending support for the elevated taxonomic status of the molecular forms to species 6 . Consistent with previous interpretations 6, 9, 12, 19, 20 , the adaptation to exploit arid environment such as the Sahel via aestivation may represent the central dimension in the adaptive divergence between the species. The implications of these differences for understanding speciation and for explaining their geographical range 11, 12 are just beginning to be appreciated.
Methods
The study was performed between September 2008 and August 2013 in Thierola (13.6583°N, 7.2155°W), a small rural village in the Malian Sahel. The village populations, ethnic composition, agricultural activities, and house structure were described previously 18 . During the wet season, the rains fill two large ponds and many small puddles near the village. The small puddles require frequent rains, as they dry within a week without additional rain. The last rain typically falls in October and usually all surface water dries by December. From November until May, rainfall is altogether absent or negligible (total precipitation <30 mm). In the course of this study, dry-season "mango" rains (<20 mm) fell in the area in March 2009, but no rain fell during the dry season in any of the subsequent years, at least over a 30 km radius. During the dry season, water is only available in four deep wells (~25 m deep). Seepage of water around wells and troughs for animals was monitored every dry season, but no mosquito larvae were found in these small puddles, which typically dry up every evening. A few trees may be irrigated by buckets every several days, but all water dries within hours. Annual precipitation is approximately 500 mm (543 mm in Segou, which lies 30 km south and 100 km east of Thierola). For this study, the dry season refers to December-May and the wet season to July-October; the transition periods (June and November) are marked by climatic irregularity (surface water may or may not be available). In this paper, a year is defined as the period spanning from after the first rains (July 1 st ) to the end of the following dry season (June 30 th ). On-the-ground searches for surface waters during the dry season were conducted every year, in consultation with herdsmen and hunters, and a detailed examination of the satellite photographs available in Google Earth was also performed. Tree holes containing water that last until January (and rarely into February) were also monitored, but no anopheline larvae were found. Except after the mango rains of March 2009 16 , no surface waters during the dry season have been found in a distance up to 30 km around Thierola.
Mosquito Collection
Live collections using mouth aspirators inside all houses (n~120), were conducted throughout the study period as described previously 18 . The number of houses sampled (n= 511; median=119; 95% CI=103-125) varied because houses were not accessible when their owners were away from the village (and the actual number of houses changed over the fiveyear study as some were destroyed and others were built). Typically, collections were made every day (dry season) or every-other day (wet season) for two weeks per month. Each house was visited by two trained collectors, both searching for mosquitoes for 10-15 minutes (and until no mosquitoes were collected for 3-5 minutes). The same collectors were used throughout the study and rotated across all houses. During certain periods (e.g., the wet season of 2008 and 2009, dry season of 2010, and dry season of 2012), collected mosquitoes were marked and released about 1 hour after sunset on the day of collection. During other periods, mosquitoes were not released after capture but used for various experiments (reported separately). Because the recapture rate was low (<3%), the effect of removing mosquitoes on the subsequent density, as opposed to releasing them (i.e., sampling with and without replacement), was assumed to be negligible.
Additional methods used to collect mosquitoes outdoors included clay pots (with or without water/sugar), CDC light traps, fruit/flower baited traps, oviposition traps, emergence traps from larval sites, fence traps, and traps over domestic animals (calves, goats, sheep, and chickens), pit latrines, wells, or rodent burrows. Although some of these traps were useful during the wet season (e.g., emergence traps), they all yielded virtually no mosquitoes during the dry season, as opposed to indoor collections (above), and therefore were discontinued after various intervals (ranging from weeks to years). Several of these methods were described previously 16, 17 . To evaluate congruence between adult and larval composition, larval collections using dippers were conducted during the wet season of 2009 and 2010 from multiple larval sites and multiple positions in each site.
Occasionally other anopheline species were collected by the different methods including, A. rufipes and A. pharoensis, but their numbers were insufficient for analysis. A. funestus was also observed in small numbers during the first year of the study 16 (2008-2009 ), but virtually vanished during the subsequent years, presumably as a result of the mass distribution of insecticide-impregnated bednets that started in 2008 in the region.
Data Analysis
The Anopheles gambiae s.l. indoor collection records, consisting of 511 collection days in all (~120 accessible) houses from September 2008 through August 2013, were used to produce mean daily density per house (dividing the total collected in each day by the number of houses searched). Mean daily density/house was transformed to stabilize the variance into natural log density as follows: Ln(density) = mean density + [0.9/(no. of houses sampled)]. Although statistically equivalent to a transformation using 1, 0.9 was used to signify that the drop of density from 1 to zero, which probably reflects, biologically, "more" than a change from 1.1 to 0.1.
To provide a descriptive framework as part of the data exploration, putative elements of the annual (seasonal) cycle were visually identified if they appeared in two or more years, after scanning both the linear and logarithmic scales ( Figure ED-2 and Table ED-2) using two 15-day-long frames that were shifted horizontally along the figures. These time series of daily density were converted into an equidistant, 5-day interval time series consisting of 362 intervals using Proc Expand 30 , after fitting a continuous curve to the data by connecting successive straight-line segments between non-missing input values using the 'join' method. This procedure interpolated missing values in the time series. The 5-day interval estimates produced showed the best fit to the observed data based on visual inspection and the sum of the difference between the observed and expected values, when compared with 10-day, 14-day, and 1 month intervals. Moreover, if the interpolated (missing) value differed from the corresponding 10 d mean by more than 30% of that mean, it was replaced by the latter. If no 10-day mean density was available for that period, the same was carried out with the corresponding global 10-day mean density (across the five years). Less than 5% of values required such substitutions. The fit between the equidistant time series and the observed daily mean density is depicted in Fig. ED-2 . Statistical analyses were performed on the equidistant log-density time series.
Mosquitoes that were morphologically identified as members of A. gambiae s.l. complex were subjected to molecular identification to determine their species 31 . To estimate species composition, we pooled specimens collected from Thierola and nearby villages (up to a 6 km radius) into 10-d intervals based on the day of the month (1-10, 11-20 and 21-31) and separately into monthly intervals. In a few cases with small sample sizes (n<15), we pooled two consecutive 10-d intervals. The resulting series had variable gaps representing missing values either because no mosquitoes were collected despite extensive collection effort (e.g., January-February 2012), or because no collections were made (e.g., December 2008-March 2009). When no composition data were available for the whole month, the monthly mean fractions of each species estimated for that month across the five years were imputed for the missing values. Composition data for 10/61 months (16%) were imputed in that way. The compositional series consisting of 10 d estimates and imputed monthly values were thereafter interpolated using Proc Expand 30 to 10-d intervals (without changing observed compositional values) for each species separately. The interpolated values were restricted to values between 0 and 100. The species-specific (absolute) mean density was then estimated as the product of the proportion of each species at that 10-day time interval by the density of A. gambiae s.l. at the corresponding 5-day time intervals described above.
Time-series analysis of the log density of each species was carried out using the Unobserved Components Model in SAS 30 (Proc UCM), which accommodates time-varying parameters of the trend, seasonal, and cycle components derived from decomposition of the time series, as well as various methods of incorporating autoregressive processes. It estimates both deterministic and stochastic parameters and provides tests of the parameters' variance to determine if these parameters are time-varying. Overall goodness-of-fit measures, such as Akaike information criterion (AIC) used to compare models were computed, as well as extensive tests of the residuals and diagnostic graphics. We tested whether overall seasonal variation was statistically significant and if so, determined if it was time-varying or constant, before identifying its salient elements. The seasonal component is a unique cycle with a strictly annual periodicity (whose parameters sum to zero over a year). Seasonality was modeled as a series of 73 dummy variables, each representing a 5-day interval. Starting with the basic structural model 32 that includes stochastic slope, level, and seasonal components (in addition to the irregular element), we removed or added one parameter at a time and evaluated the significance of all parameters, the overall fit of the model, and the residual diagnostics for serial correlation, heteroscedasticity, and normality. Additional cycles or auto-regressive functions may be required to model the interdependencies of the data between time-points until the distribution of the residuals complies with white noise (Supplementary Text). This approach led to selecting a parsimonious model that accounted well for the pattern of the time series and met the required assumptions. The seasonal component extracted from the selected model and its 95% CI were used to identify elements (phases) with statistical support. Thus, a peak whose 95% CI did not overlap with its adjacent minima had statistical support. All tests and P-values are based on two-sided tests.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The seasonals were estimated using unobserved component time-series models ( Table 1 , and Methods). Bands denote 95% CI, while blue brackets surround peaks and troughs whose 95% CIs do not overlap. Red and orange arrows denote the onset and decline of population growth, respectively; defined as the earliest time when the 95% CI of the population growth (or decline) phase does not overlap with that of the preceding phase (horizontal red line). Population phase names correspond with putative elements (Table ED- Table 1 Unobserved component time-series (final) models of the population dynamics for each taxon (Methods). e Level is equivalent to intercept (in UCM framework, if time varying, it results in a "random walk" between successive time points), and was found to be fixed in all analyses.
f Non-seasonal stochastic (trigonometric) cycles, each defined by three parameters: a period (Period, time difference between two successive peaks; here in units of 5-day intervals), cycle damping factor (DampF, decay in amplitude between cycles over time), and the variance of the error of the cycle over successive periods (E var, Methods and Supplementary Text).
g One-lag autoregressive (AR1) parameter was modeled as part of the irregular component of A. gambiae s.s.
